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esponsibility of ChinAbstract A facile green strategy, low temperature in-situ chemical conversion, is reported to prepare
nanocrystals with initiative “bottom-up” assembly into large-scale superlattice. The appropriate organic
chalcogen precursors were chosen to control the kinetics of these reactions to keep monodisperse
morphology. They also provide the capping ligands to acquire van der Waals interactions between ligands
and dipole moment to self-assemble into large-scale superlattice. This strategy could ﬂexibly modulate the
composition of semiconductor nanostructures, such as cations, anions and even the heterostructures with
metal nanoparticles. This bottom-up assembly behavior is necessary for the development of optoelectronic
devices of II–VI semiconductor nanocrystals.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The facile synthesis of II–VI semiconductor based nanocrystals (Ncs)
with precisely controlled chemical composition, good monodispersity
and appropriate capping ligands, thus enabling their self-assembly
into large-scale superlattice still remains substantial technological
challenging. [1–8] Bottom-up assembly of monodisperse Ncs, not
only exhibits tunable collective physical and chemical properties, but
also lays the foundation for Ncs-based optoelectronic nanodevices.earch Society. Production and hostin
6
0 68918065.
. Zhang).
ese Materials Research Society.[9,10] Self-assembling superlattice has been reported by many
groups, such as Pileni, Murray, Kotov, Li, Wang, Talapin and Fang
groups. [11–17] Here we report a new method to synthesize II–VI
Ncs, which can initialize their assembly into superlattice easily.
The fabrication of ordered Ncs assemblies relies on the physical
interparticle interactions or speciﬁc chemical, such as van der Waals
interactions, dipole–dipole interactions. [18,19] There are two kinds of
closest packing modes, face centered cubic (fcc) packing and
hexagonal close packing (hcp), which can usually happen in Ncs
superlattice formation. Here we take advantage of the van der Waals
interactions between the capping ligands and the dipole–dipole
moment from hexagonal phase of II–VI semiconductors to promote
the effective assembly of the as-prepared Ncs into superlattice.
2. Experimental section
All chemicals were used as-received without further processing.g by Elsevier B.V. All rights reserved.
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Fig. 1 Schematic process of green strategy to prepared anion (X¼S,
Se, etc) and cation (M: Cd, Zn etc) controlled II–VI based nanocrystals
(Ncs) or hetero-Ncs and their self-assembly into superlattice.
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8.8 mg sulfur powder was dissolved in the mixture of 3 ml
dodecanethiol and 9 ml toluene. After kept stirring for 5 min, the
solution was transferred into 15 ml Teﬂon-lined autoclave. Then
sealed and heated at 100 1C for 15 h. After the autoclave was
cooled to room temperature, the clear solution was taken as S-1
precursor.
2 mmol S powder (0.064 g) was put into the mixture of 5 ml
oleylamine and 10 ml oleic acid. After stirring, the mixture was
heated to be 100 1C for 40 min to get orange-red clear solution.
After cooled down to room temperature, added 15 ml toluene to
dilute them and used as S-2 precursor.
1 mmol Se powder (0.079 g) was put into three-neck ﬂask with
7 ml octadecylene (ODE). After stirring, the mixture was heated to
be 270–280 1C for 10 min to be clear solution. After cooled down
to room temperature, 7 ml toluene, 2 ml oleic acid and 1 ml
oleylamine was added to dilute it to be yellow color solution. Then
it was used as Se precursor.
2.2. Au@Ag2S core-shell hetero-Ncs synthesis and their self-
assembly
Seven milliliters Au@Ag toluene colloid (A¼1.4) with the con-
centration deﬁned by absorption spectra (A means Ag shell plasma
peak absorption intensity) was added into a 25 ml transparent glass
bottle, then 4 droplets (0.05 ml)of S-1 precursor was added and
kept stirring for 5 min at room temperature to be clear colloid with
blue-green color. Then it was heated at 100 1C for 1 h to get
Au@Ag2S colloid.
2.3. Monodisperse CdS, CdSxSe1x Ncs synthesis and their
self-assembly
Six milliliters 4 nm sized Ag nanocrystals toluene colloid with certain
concentration was added into a 25 ml transparent glass bottle. Then
1 ml S-2 precursor and 2 ml Se precursor were added in and stirred
for 1 min at room temperature. Then heated to 60 1C and kept stirring
for 1 h at 60 1C. Then Ag2SxSe1x nanoparticles were washed with
ethanol three times and dispersed into 6 ml toluene with 0.2 ml oleic
acid and 0.1 ml oleylamine. Then 1 ml Cd(NO3)2  4H2O methanol
solution (0.1 g/ml) was added into above Ag2SxSe1x toluene colloid.
After stirring for 1 min, 0.1 ml TBP (tributylphosphine) was added
and the mixture was heated to 60 1C for 2 h under magnetic stirring
to get CdSxSe1x Ncs. The x value could be regulated easily by
changing the ratio of S and Se source volume.
2.3.1. LR, HRTEM and STEM characterizations
Samples for TEM characterization were prepared by adding one
drop of toluene solution with the product onto a 300 mesh copper
grid with carbon support ﬁlm. LRTEM (JEOL JEM-1200EX
working at 100KV) and high-resolution TEM (FEI Tecnai G2
F20 S-Twin working at 200 kV) were utilized to characterize the
morphology and the crystal lattice details.
2.3.2. XRD characterizations
Samples for XRD measurement were prepared by adding several
drops of concentrated product onto silicon (100) wafers and dried
at room temperature. The phases of the products were determined
by XRD on a Bruker D8 Advance X-ray powder diffractometer
with CuKα radiation (λ¼1.5418 Å).2.3.3. The ﬁlms preparation
The bulk sized ﬁlms of as-prepared CdS or CdSSe Ncs were
prepared by the dip-coating method (using PTL-NMB dip coater,
MTI Corporation). The lifting speed was controlled at the range
nm-mm/s depends on the volatility of solvent and the concen-
tration of colloid.3. Results and discussion
In this study, as the schematic process in Fig. 1, we developed a
facile strategy by two-step low temperature in-situ chemical
conversion to prepare II–VI semiconductor based Ncs and also
realized their “bottom-up” assembly into large-scale superlattice.
We started from the monodisperse Au@Ag core/shell Ncs and Ag
Ncs, [20,21] to react with organic chalcogen precursors X (X¼S,
Se et.al). As shown in Fig. 2A, the monodispersive core/shell
Au@Ag2S Ncs were prepared by the reaction between Au@Ag
and dodecanethiol-pretreated sulfur precursor (S-1) at 80 1C.
Because of the high uniformity of morphology and the dodeca-
nethiol capping which can provide appropriate van der Waals
interactions between Au@Ag2S Ncs, [20] this kind of hetero-Ncs
can self-assemble into superlattice easily, as shown in Fig. 2B.
Fig. 2C shows that the as-prepared Au@Ag2S Ncs have good
crystallity with monoclinic phase Ag2S. As we know, this unprece-
dented report of the superlattice by the assembly of metal/semicon-
ductor hetero-Ncs will be potential for plasmon/exciton coupling
research and device applications. The superlattice of Au@Ag2S
hetero-Ncs was further characterized by scanning transmission electron
microscopy (STEM) (Fig. 2D, E, and F). It can be seen from Fig. 2D
that all the Au@Ag2S nanoparticles exhibit three-dimensional images
of core/shell Ncs clearly. The STEM images of Fig. 2E and F reveal
the superlattice formation in large scale. The inset FFT pattern of the
whole area in Fig. 2E conﬁrms the high oriented packing of Au@Ag2S
Ncs to be superlattice.
This two-step in situ conversion [22] can be easily extended to
prepare the monodisperse CdX nanocrystals. Typically, started
with the reaction between 4 nm monodisperse Ag nanoparticles
and oleic acid and oleylamine pretreated sulfur or selenium
precursor, then followed by the cation exchange reaction between
Ag2X nanoparticles and Cd
2þ, ﬁnally the monodisperse CdX
nanocrystals were synthesized easily at room temperature. Fig. 3A
shows the HRTEM image of uniform CdS0.75Se0.25 (the atomic
Fig. 2 TEM (A, B), XRD pattern, and STEM (D, E, F) images of as-prepared monodisperse Au@Ag2S core/shell nanocrystals and their
self-assembly into superlattice.
Fig. 3 HRTEM (A) and LRTEM (B, C, D) images of as-prepared monodisperse CdS0.75Se0.25(A, B, C) and CdS nanocrystals and their hcp
pattern superlattice. The insets are the FFT pattern of superlattice and the cartoon of their hcp packing.
Q. Zhao et al.590ratio of S to Se is achieved by energy dispersive X-ray spectro-
scopy measurements) Ncs by this two-step in situ conversion.
Especially, the ratio of S to Se could be regulated easily by
changing the ratio of S and Se precursor ratio. The LRTEMimages of Fig. 3B and C exhibit the multilayer large scale
superlattice of CdS0.75Se0.25 Ncs. The layer-by-layer resolution
in Fig. 3B and the FFT pattern in Fig. 3C conﬁrm the hcp close
packing to be superlattice, as demonstrated by the insert cartoon in
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Fig. 4 Digital photos of as-prepared CdS(A) and CdSSe (B) Ncs ﬁlm by their large scale self-assembly on rigid/ﬂexible conductive substrates.
The digital red ﬂuorescence of CdS ﬁlm was taken under 365 nm ultraviolet lamp irradiation. (C) XRD pattern of as-prepared CdS and CdSSe Ncs.
Bulk wurtzite CdS (red solid lines, JCPDS card 41-1049) is provided for reference and comparison. (D) UV–vis absorption spectra comparison of
as-prepared CdS and CdSSe Ncs ﬁlm on ﬂexible PET ﬁlm substrate as shown in Fig. 4A and B.
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promoting the superlattice formation by hcp close packing: (1)
the appropriate capping ligands, oleic acid and oleylamine, and the
van der Waals interactions between these ligands lead to the self-
assembly of as-prepared CdX Ncs into superlattice; (2) the
hexagonal phase wurtizite phase of II–VI semiconductor Ncs have
dipole moment along the unique (001) axis. [23] Beneﬁt from
intrinsic dipole moment in II–VI semiconductors and the van der
Waals interactions between ligands, the hcp close packing instead
of fcc packing happens in our process. Fig. 3D presents the case of
CdS Ncs large scale superlattice by hcp packing. Based on this
effective superlattice formation mechanism, we can get centimeter
scale ﬁlm of as-prepared Ncs with the help of dip coating machine,
which can provide the lifting speed of 1–500 nm/s. As shown in
Fig. 4A and B, uniform CdS and CdSSe Ncs ﬁlm were success-
fully synthesized on both the rigid and the ﬂexible conductive
substrates. Fig. 4C shows the XRD pattern of these ﬁlms. The
XRD pattern conﬁrms the wurtzite phase of as-prepared CdS
and CdSSe Ncs even under near room temperature. The XRD peaks
of CdSSe ﬁlm have consistent shift because of quantitative Se
addition into the crystal lattice of CdS. The UV–vis absorption
spectra of CdS, CdSSe ﬁlms exhibit efﬁcient solar absorption and the
CdSSe is even better. The high luminescent ﬂuorescence of as-
prepared CdX ﬁlms (such as the strong red ﬂuorescence in Fig. 4A)
demonstrates their potential luminescent device applications.4. Conclusion
In summary, we developed a facile low temperature strategy to
prepare colloidal Ncs or metal/semiconductor hetero-Ncs with
controllable chemical composition, monodispersity. Thanks to
the capping ligands and anisotropic crystal structure of Ncs
provided by this strategy, the intrinsic dipole moment of as-
prepared Ncs and the van der Waals interactions between these
Ncs jointly promote the hcp packing of these monodisperse Ncsinto large scale superlattice. The bulk sized ﬁlms by high oriented
close packing of these Ncs exhibit potential optoelectronic
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